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Scaffold-based tendon tissue engineering offers a promising alternative to 
tackle the unmet needs. This study incorporates both uniaxial stretching and 
laser punching techniques to fabricate a bioresorbable tendon scaffold. The 
scaffold was designed to be three-dimensional tubular shape with micro patterns 
on the surface, with the aim to achieve cell alignment. The whole fabrication 
process involved two roll milling, heat pressing, laser punching as well as 
uniaxial stretching, to process poly (-caprolactone) (PCL) pellets into tubular 
tendon scaffold (TTS). Result showed that TTS at a draw ratio of 4 presented 
distinct ridges and grooves, with optimal morphological parameters that was 
favorable for cell alignment. Higher crystallinity was observed on TTS as 
compared to the raw material, attributed to the recrystallization of PCL after 
uniaxial stretching. Nevertheless, polydispersity index was maintained, 
suggesting that a slower degradation rate would be observed, while retaining 
the hydrolytic degradation behaviour. As a result of strain hardening, TTS was 
mechanically stronger than the un-stretched sample. From the in-vitro study, 
TTS exhibited excellent biocompatibility with 100 % cell viability throughout 
the period of cell culturing in comparison with the control. Phalloidin/DAPI 
staining result demonstrated that TTS exhibited cell alignment. This study 
demonstrated that TTS possessed excellent biocompatibility, while promoting 
cell alignment for tendon tissue engineering applications. On the whole,   TTS 
was demonstrated as a promising alternative to replace the conventional 
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Every year, nearly 800,000 people consult physicians due to soft tissue injuries 
that relate to ligaments and tendons [1]. Most of the usual injured tendons are 
patellar, achilles, and rotator cuff tendons. Once damaged, the tendon has 
limited capacity to regenerate by virtue of its relatively avascular in nature, and 
the scarcity and low mitotic activity of cells [2]. Furthermore, with aging, many 
functions of the body will deteriorate gradually including tendon. Tendon injury 
is often termed as overuse injury rather than acute injury. Since the average of 
human life span has been prolonged, people begin to pay more attention towards 
the quality of life. With the rising concern and interest, many research 
communities aim to explore the methodologies of tendon healing and repair to 
help on the tendon reconstruction as well as reduce the reliance on allograft or 
xenograft. However, there are still many challenges remain in the orthopaedic 
field such as lack of normal tissue regeneration and poor tendon healing.  
 
Tendon is an anatomic structure interposed between muscles and bones that 
transfers the force created in the muscle to bone, and allows the joint movement 
[3]. It consists of 65-75 % collagen and approximately 2 % elastin embedded in 
a proteoglycan-water matrix. The characteristic of this collagenous tissue is the 




hierarchical structure. From the smallest units namely fibrils to the largest 
entities called fascicles, which constitute the tendon. Tendons can withstand a 
weight of 500 - 1000 kg with a cross-sectional area of 1 cm2 and surprisingly, 
the strength is related to the thickness and collagen content which is irrelevant 
to the maximum tension a muscle can exert [4]. Giffin et al. [5] estimated 
patellar tendon forces up to 5.2 kN during kicking, and it has been estimated 
that biomechanical forces within this tendon may reach 5.0 kN during level 
walking, 8.0 kN when landing from a jump, up to 9.0 kN during fast running, 
and 14.5 kN during competitive weight lifting. It is noticeable that the tendon 
could never go over a quarter of the ultimate tensile strength during normal 
activities. Kannus et al. [6] found out that sport injuries in elderly athletes are 
generally failed in the degenerative basis. With the increase in age, the number 
of tenoblasts and overall tenoblastic activity are reduced correspondingly. Apart 
from that, the tendon blood flow and number of capillaries per unit of surface 
area are also affected [7]. Chronic tendon degeneration is the common tendon 
injury, but there are still other mechanisms of injury like laceration and 
contusion. After injury, the healing process involves the formation of fibrotic 
scar where structural, organizational, and mechanical properties of the healed 
tendon are inferior to the normal tendon [8, 9]. Besides the limited healing 
potential of the injured tendons, the problems are aggravated by the relative 
scarcity of autografts, and potential risks associated with allografts. 
Furthermore, even after the patients received the tendon grafts, the range of 
motion was restricted, followed by the anterior knee pain and muscle weakness 
at the surgical site [10].  
 




With the attempt of tackling the unsolved topics and improving the properties 
of tendon after injury or chronic degeneration, tissue engineering is one of the 
promising approach to address the problems. Tissue engineering aims to 
fabricate functional engineered tissues that possess three-dimensional (3D) 
structure and composition akin to the normal tissue [11]. Besides the living cells, 
tissue engineering requires a scaffold to carry and house the cells. The scaffold 
plays a vital role in providing similar properties, and serves as a template for 
the seeded cells to proliferate, differentiate and turn into the neo-tissue over a 
specific duration. The scaffold must be biocompatible, biodegradable, and 
porous that is appropriate for the biological activity and at the same time, it can 
bio-mimic the mechanical and functional features. Aside from that, the tendon 
repair and healing may be enhanced if the cells are aligned beforehand [12]. 
Tenocyte alignment and necessary orientation of newly synthesized matrix are 
essential to tendon function [13, 14]. It has been reported that cells interacted 
with the anisotropic topography were found to re-arrange the cytoskeletons and 
self-organize along the aligned structures where the mechanism was known as 
contact guidance [15-17].  Thus, having a scaffold with anisotropic patterns can 
greatly help in stimulating cell alignment.  
 
Uniaxial stretching technique can be regarded as a simple, reproducible method 
to achieve anisotropic geometries on the surface of the scaffold [18]. Moreover, 
it does not involve toxic solvent or intricate procedures to generate the 
microgrooves on the scaffolds. Polymeric films that experience uniaxial 
stretching have uniform distribution of microgrooves on the film’s surface. 
However, low porosity will be a concern as cell infiltration is desired. With the 




aim of fabricating a 3D porous scaffold that can achieve cell alignment with 
adequate porosity, direct laser punching will be incorporated with the uniaxial 




In order to overcome the current challenges in tendon repair, this project aims 
to develop a simple and reproducible tubular tendon scaffold, that can elicit 
cellular alignment and elongation for tendon tissue engineering application. The 
tendon tubular scaffold will be constructed with consideration of several 
important criteria such as 3D geometry, biocompatibility, biodegradability, 
porosity as well as adequate mechanical support.  
 
The specific objectives of the project are summarized as follows: 
‒ To develop a reproducible tubular tendon scaffold (TTS) via combined 
fabrication techniques of two-roll milling, hot pressing, uniaxial 
stretching and direct laser punching techniques; 
‒ To optimize the micro-patterns of TTS  including ridge length, inter-
ridge distance, inter-pore width and pore size via the use of uniaxial 
stretching; 
‒ To examine the physical, and mechanical properties of the optimized 
TTS; and 
‒ To examine the biocompatibility and cell alignment of the optimized 
TTS. 






Chapter 1 provides a snapshot of the tendon injury and its anatomy, followed 
by an overview of tendon tissue engineering, the criteria of scaffold, and the 
motivation of this dissertation. Chapter 2 details the tendon structure as well as 
tendon injury and healing. Subsequently, tendon tissue engineering approach is 
discussed along with the literature review of various tendon scaffolds, and the 
fabrication techniques. Chapter 3 presents the fabrication process which 
involves two roll milling, heat pressing, direct laser punching and uniaxial 
stretching technique, and the optimization of the draw ratio of the scaffold via 
uniaxial stretching. Chapter 4 evaluates the polymer characteristics, mechanical 
and biological properties of the optimized tubular tendon scaffold. Chapter 5 
gives an overall conclusion of the project. Chapter 6 provides the 
recommendation for future work. 
 




CHAPTER 2  
LITERATURE REVIEW 
 
2.1 Tendon Structure 
 
A tendon is a tough yet flexible collagenous tissue that connects muscle and 
bone. It acts as an inextensible fibrous-elastic structure transmitting the forces 
yield by muscle contraction directly to the bone with a minimal dispersion of 
energy [19-21]. Subject to tensile and high compressive forces, a tendon is 
stronger than muscle as it is able to sustain seventeen  times body weight [22]. 
Tendon has a considerably wide range of sizes and shapes, subjected to its 
anatomical location and biomechanical behavior of the muscle-tendon complex. 
For example, quadriceps and triceps brachii muscles have comparably short and 
broad tendons as they transmit appreciably large forces in nature. On the other 
hand,  finger flexor tendons that handle delicate and soft movements appear to 
be long and thin [23]. It is noticeable that the tendon function is significantly 
related to the tendon's integrated hierarchical structure and its content.  
 
A tendon is a compact, highly aligned connective tissue that induces or guides 
the joint movement [24]. This complex organization is parallel along the 
direction of tension, both macroscopically and microscopically. The standard 
unit of a tendon structure is collagen fibril, whereby a bunch of collagen fibrils 
constitutes a collagen fiber. According to Curwin [25], collagen fiber is the 




smallest tendon unit that is visible under light microscopy, and its alignment is 
orderly packed from an end to another end. The properties of a collagen fiber 
such as the size, thickness and orientation are highly associated with the strength 
of the tendon. In general, a larger collagen fiber can be able to resist higher 
tensile force than a smaller collagen fiber [26]. A subfascicle is a primary fiber 
bundle, formed by a group of collagen fibers that is surrounded by a fine sheath 
of connective tissue named endotenon. In fact, endotenon is a thin reticular 
collagen fibrils with crisscross pattern. Grouping the primary fiber bundles 
forms a secondary fiber bundles called fascicle. A bunch of fascicles builds a 
tertiary fiber bundle, where a tendon comprises tertiary fiber bundles is  
surrounded by the epitenon, which is a noticeably dense collagenous mesh with 








Figure 2.1 The hierarchical structure of tendon: the smallest unit is collagen fibril. A 
collagen fiber is formed by a bundle of collagen fibrils and subfascicle is formed by a 
bundle of collagen fibers while a bundle of subfascicles forms a fascicle. A bundle of 
fascicles forms the basic structure of tendon [28] 
 
Lastly, paratenon is the outermost layer surrounding tendon. It consists of loose 
and areolar tissue and allows nerves and blood vessels to run through it. There 




is fluid between paratenon and epitenon to prevent friction and permit tendon 
to glide freely against the neighbouring tissues [29]. In general, a tertiary bundle 
has a diameter of 1000 - 3000 µm while a fascicle varies from 150 to 1000 µm.  
 
As stated previously, size is one of the key characteristics that determine the 
biomechanical properties of a tendon. Smaller diameters are commonly 
observed in tiny tendons such as flexors and extensors of the fingers and toes. 
In contrast, higher values of diameters are found in large tendons such as 
achilles, tibialis anterior, and extensor hallucis longus tendons [3]. In tendon, 
collagen and elastin constitute to 30 and 2 % of the mass in an extracellular 
matrix (ECM), respectively. The remaining is water and tendon cells. Collagen 
contributes mechanical strength and stiffness to the soft tissue because collagen 
has the ability to form cross-links, which mechanically strengthen the fibers. 
Usually, the main types of collagen in tendon are collagen type I and type III, 
and the ratio of these two types may vary with different tendons. On the other 
hand, elastin provides flexibility and the ability to store elastic-strain energy 
[30-33]. The cell types that are found in the tendons are normally tenocytes and 
tenoblasts. 
 
Tenocytes are flat and elongated fibroblasts, that are scattered in rows between 
fibrils while tenoblasts appear to be radiate cells with long, tapering, 
eosinophilic flat nuclei. Tenoblasts are good at motility and have a high rate of 
proliferation. The number of tenoblasts reduces with the increase in age, and the 
tenoblasts will transform into tenocytes with diameters ranging from 80  to 300 
µm [23]. Both the tenoblasts and tenocytes contribute predominantly in 




secreting and maintaining ECM. The cells assist in synthesizing the molecules 
of ECM including collagen, proteoglycans, and other kind of protein. While 
during the cellular recesses, collagen fibrils will be produced and eventually 
they are assembled into the fascicles. As a rule, the tendon fibroblasts are likely 
to affect the collagen fibril orientation [34, 35]. However, these cells are not in 
large number and their mitotic activity is low. As a result, the tissue turnover 
rate is comparatively low and causes tendons to have a poor natural healing [36, 
37].  
 
Another important component of tendon is proteoglycans. Proteoglycans is one 
of the ground substances that surround the collagen fibers. They consist of 
glycosaminoglycan (GAG) chains connecting to a protein core [33]. 
Proteoglycans are essential to tendon because of their viscoelasticity that 
contribute to the structural support, the lubrication and fibers spacing. These are 
quite important to the gliding and cross-tissue interactions. Apart from that, 
proteoglycans also play a part in the formation of collagen fibrils as 
reinforcement to the fibrillar structure [22]. Proteoglycans usually constitute 
less than 1 % of the dry weight in a tensile tendon [38]. General types of 
proteoglycans in tendon include decorin, aggrecan, hyaluronan, biglycan, and 
fibromodulin. Decorin is ubiquitously found in the tendon as compared to other 
types of proteoglycans [39]. Cells like fibroblasts, chondrocytes, endothelial 
cells and smooth muscle cells are regularly producing decorin. This type of 
proteoglycans is able to regulate and maintain collagen fibril structure as well 
as influence cell proliferation. Decorin allows tendon to accommodate the 
tensional load by controlling both fibril diameter and length. 





When the tendon encounters compressive force, another type of proteoglycans 
namely aggrecan will be found abundantly in the particular area [33]. Due to 
the large size and negative charge, aggrecan contributes in creating an osmotic 
gradient that allows it to hold water and swell the collagen network, improving 
the structure that resists compressive loading. Hyaluronan constitutes 6 % of the 
total GAG, providing tendon tissues with a high capacity to resist high 
compressive and tensile forces associated with loading and mobilization. 
Biglycan resembles decorin in terms of the collagen binding, and it is also 
expressed mostly in tendon, cartilage and bone as well as in dermis and blood 
vessels. Fibromodulin functions as a modulator of collagen fibrillogenesis. Both 
biglycan and fibromodulin bind to type I and II collagen, but at different site on 
each collagen molecule. These two proteoglycan members can bring significant 
impact to the tissue properties such as fibril diameter, cellular proliferation and 
migration, and viscoelasticity of the pericellular matrix [39]. 
 
 
2.2 Tendon Injury  
 
Tendons are able to withstand high tensile forces that result from muscle 
contraction during joint motion, but flexible enough to experience rotational 
movement around bone surface and deflect beneath retinacula to alter the final 
direction of muscle pull [40]. This behavior is attributed to the nature 
viscoelastic structures with unique mechanical properties. Tendons exhibit both 
creep and relaxation. Furthermore, it is noteworthy that the ultimate tensile 




strength of a healthy tendon is half that of the cortical bone. Once the ultimate 
tensile strength is reached, tendon loses its function to transmit forces from the 
muscle to the bone.  
 
The usual injuries are caused by stretch deformation or inadequate recovery 
time for the tendon to return to its resting length. In the event of insufficient 
restoration time during cyclic loading, the tendon would experience incomplete 
recovery even the elastic limit is not reached [41]. Tendon injuries like tendon 
avulsion and tendon rupture occur during physical activities including sport 
games. Common avulsions are finger extensors at the distal phalanges, patellar 
tendon avulsion at the tibial tuberosity, hamstring tendons at the ischial 
tuberosity and avulsions at the anterior spines of the pelvis while the general 
injured parts for tendon rupture are quadriceps, achilles, rotator cuff and biceps. 
High power sports events including high jump, basketball, and weight lifting 
will even cause a complete tear of quadriceps tendon and patellar tendon, 
especially senior citizens if maximal strain is exerted [42].  
Tendon injuries including tendonitis, tendinosis, tendinopathy, paratendonitis, 
enthesopathy, and insertional tendonitis could be either acute trauma or chronic 
as a result of continuous deterioration. Tendon injuries like rotator cuff and 
bicep tendon injuries lose the function by tearing away from the bone while 
achilles tendon injury fails by rupturing within the tendon itself. Statistics 
showed that a range of 6 to 37 achilles tendon ruptures per 100, 000 people in 
European communities while North American has an annual average of 6 to 10 
ruptures per 100, 000 people [43].  




2.3 Tendon Healing and Repair 
 
Tendon healing involves fibrotic scarring where the connective tissues are 
thickened and deposited in response to the injury. There are three overlapping 
phases during the tendon healing process: inflammatory phase, proliferative 
phase, and remodeling phase [44, 45] (Table 2.1). 
Table 2.1 Tendon healing process in general [44] 
Healing Phase Duration Description 
Inflammatory 
phase 
First 24 h - Monocytes and macrophages amass at the 
injured site. 
- Phagocytosis of dead cells takes place. 
- Series of activities occur including new 
blood vessels formation, stimulation of 
tenocytes proliferation, recruitment of 
more inflammatory cells.  
- Type III collagen synthesis initiates when 





- Synthesis of type III collagen reaches to 
the maximum and lasts for a few weeks. 
- Water content and glycosaminoglycan 






- Cellularity, collagen and 
glycosaminoglycan synthesis are reduced. 
- Remodeling phase can be divided into 
consolidation stage and maturation stage. 
- At consolidation stage, the repair tissue 
transforms from cellular to fibrous. High 
tenocyte metabolism remains. 
- Both tenocytes and collagen fibers align in 
the direction of stress. 
After 10 
weeks 
- Maturation stage starts after ten weeks 
with a gradual change of fibrous tissue to 
scar-like tendon tissue over a duration of 1 
year. 
- Tenocyte metabolism and tendon 
vascularity decrease in the last half of the 
maturation stage. 
 




Tendon healing can be either intrinsic or extrinsic [46, 47]. Intrinsic healing 
occurs by proliferating tenocytes at epitenon and endotenon while extrinsic 
healing refers to the invasion of cells from the surrounding sheath and synovium. 
It is noteworthy that the function of tenocyte is much dependent on the region 
of origin and generally, cells in epitenon and endotenon produce more collagen 
and glycosaminoglycans than that the tendon sheath. Moreover, studies showed 
that intrinsic tendon healing gives stronger biomechanics and less complications 
than extrinsic tendon healing does [48-50]. Take gliding mechanism as an 
example, the mechanism within the tendon sheath is unaltered in the intrinsic 
healing while for extrinsic healing, tendon gliding is affected by the scar tissue 
due to adhesion formation.  
 
Healing patterns vary depending on the anatomical locations. For instance, 
extrinsic tendon healing  can prevail in torn rotator cuffs [50]. Spontaneous 
tendon healing, however, has its limitation on the adhesion formation. It is 
because the repair site tends to be invaded by both granulation tissue and 
tenocytes from the surrounding tissue when synovial sheath is disrupted at the 
time of injury or surgery. Apart from that, biochemical and mechanical 
properties of a natural healed tendon cannot match the intact ones. Bruns et al. 
[51] did a study on the spontaneous healing of achilles tendons in the sheep 
model, and found out that only 56.7 % of rupture force was gained after a year 
without any post-operative immobilization. Thus, purely relying on natural 
tendon healing and surgical techniques remain as a challenge as they hardly 
regenerate the intricate structure, composition and organization of the native 
tendon. This gap motivates the tissue engineering technique to develop different 




approaches and strategies including regenerative medicine on stem cells, 
biological agents, and repair devices or scaffold development in order to tackle 
the problem faced in tendon healing improvement.  
 
 
2.4 Tendon Tissue Engineering 
 
Tendon tissue engineering is literally depicted as artificial tendon tissue 
construction, whereby the artificial tendon tissue means a nature-mimicked, 
biocompatible and functional man-made tendon tissue. Tissue engineering 
works with living cells, which are usually accompanied with a matrix or scaffold 
as a guide for the cells to migrate and develop into functional living tissue. 
Despite that artificial prostheses and mechanical devices can repair and improve 
the injuries of patients, it is still subjected to mechanical failure in regards to the 
long term implantation.  In fact, devices barely integrate with host tissues and 
are likely to trigger host immune response, bringing harm to the surrounding 
healthy tissue. In theory, a tissue engineering scaffold aims to provide 
mechanical stability, deliver therapeutic agents, and facilitate processes critical 
in tissue repair including tissue induction, cell proliferation and differentiation 
as well as guide tissue growth [52]. The matrix or scaffold can be made of 
natural, synthetic or composite materials as long as the construct is non-toxic, 
biocompatible and possess adequate mechanical support.  
 
 




2.5 Tendon Scaffolds 
 
Driven by the increasing needs, various types of tendon scaffolds have been 
developed, and some of them have successfully been commercialized. All kinds 
of new and existing technologies of scaffold fabrication are purely serving one 
purpose, that is to allow the scaffolds to imitate the hierarchical architecture and 
mechanical properties of native tendon as well as facilitate various cellular 
activities including cell adhesion, proliferation, differentiation and tissue 
growth. Hence, one of the most critical requirements is the biocompatibility of 
the scaffolds where the tendon scaffolds should not evoke adverse inflammatory 
response or demonstrate immunogenicity [53]. Moreover, cell-to-scaffold 
interactions also affect greatly on the cell adhesion and morphology, which 
influence the cellular processes.  
 
The interaction between cells and scaffold are affected by the physicochemical 
properties of the scaffolds including wettability or hydrophilicity, roughness, 
crystallinity, charge and functionality [54]. Also, substrate rigidity is 
corresponded to the cell cytoskeletal shape and associated cellular function. 
According to Mooney et.al. [55], cell proliferation can be improved by 
enhancing the cell adhesion and spreading. In addition, dimensionality and 
overall architecture will also affect the cell-scaffold interaction. Cukierman et 
al. [56] reported that a three-dimensional environment has shown to lead to an 
improvement in cell adhesion as compared to a two-dimensional environment. 
Additionally, three-dimensional environment promoted the formation of a 
larger number of cell-cell contacts, and mediated the cellular interactions, which 




was vital in tissue remodeling processes. Thus,   a three-dimensional scaffold 
that mimicked the shape of native tissue was ideal for guiding the regeneration 
of tissue. Morphological characteristics of the tendon scaffolds such as porosity, 
pore size, and interconnectivity will also bring direct impact to the cell survival 
as cellular activities including cell-cell interaction, mass transport processes and 
also the surface area to volume ratio will be affected by the morphologies.  
 
A tendon scaffold with high porosity can accommodate more cells and enhance 
the vascular infiltration despite the mechanical properties may be compromised 
[57]. Pore size of the scaffold can affect the cell-cell interaction, cellular 
infiltration as well as transport of nutrients and metabolites. A scaffold requires 
minimum pore size to permit cellular infiltration, either during the initial 
seeding or through cellular proliferation and migration. Research showed that 
tissue ingrowth rate increased with the increase of porosity and pore size of the 
implanted devices [58]. Nevertheless, a smaller pore size improves the surface 
area to volume ratio, resulting in a larger area available for cell attachment. 
Besides the porosity and pore size, pore interconnectivity also plays an 
important role in mass transport process. Adequate interconnected pore network 
not only minimizes the inaccessible pore volume, but also improves the mass 
transport rates [59, 60]. Another major engineering consideration for the design 
of tendon scaffold is its mechanical properties. The tendon scaffold requires 
adequate mechanical stability to resist the biomechanical forces encountered in 
vivo. However, it was noticed that a stiffer scaffold might also induce stress 
shielding where most of the load was transferred to the scaffold, and resulted in 
the lack of mechanical stimulation at the tissues surrounding the scaffold [61].  




2.5.1 Biological Tendon Scaffolds 
 
Biological tendon scaffolds are derived from extracellular matrix (ECM) of 
intact mammalian tissues, which are originated from human, porcine, bovine 
and equine [62]. In order to prevent host rejection while preserving the natural 
collagen structure and mechanical properties, non-collagen components will  be 
ripped out by general cleaning, lipids or fats removal, cellular and DNA 
materials disruption, cross-linking, and sterilization. Predominantly, the 
biological scaffolds own a surface chemistry and native architecture that is 
bioactive and improve cellular proliferation and tissue ingrowth. The collagen 
fiber structure is vital in deciding the biomechanical behavior, and the 
orientation of the fibers varies according to the function of source tissue where 
ECM is obtained.  
 
Biological scaffolds that are obtained from tendon or ligament possess 
anisotropic collagen fibers lying along the long axis of the tissue to withstand 
the greatest resistance to strain in a load-bearing application. The first 
commercial biological tendon scaffold is RestoreTM, where the tissue is derived 
from small intestine submucosa (SIS) of pathogen-free pigs (Figure 2.2). The 
composition consists of more than 90 % fibrillary collagen including type I, II, 
and V, lipids that comes close to 5 – 10 %, and a small percentage of 
carbohydrates and TGF-. Badylak and his team [63] prepared the biological 
scaffolds from sows and sutured to replace the achilles tendons of the dogs. The 
two layers of collapsible SIS materials were made flat and wrapped around the 
cut ends of the native tendon. Results showed that compared to the control group 




(those without SIS material), tendons with SIS showed abundant mono-nuclear 
cells in a rich vascular connective tissue matrix material. The cells appeared to 
be -spindle shape and aligned along the line of weight-bearing stress. 
Figure 2.2 a) The SIS material that derived from pathogen-free pig appears natural 
tube shape [63].   b) When the SIS material is moisturized, it becomes flexible and 
stretchable film that could wrap around the cut ends of the native tendon [64] 
 
In macroscopic view, the healed tendon had a uniform appearance, and 
confluence of the connective tissue was complete even extended from 
musculotendinous junction to the calcaneus. Besides RestoreTM, some other 
biological tendon scaffolds include Graftjacket® (using human cadaver dermis), 
Zimmer® (using porcine dermis), TissueMend® (using fetal bovine dermis), 
and OrthADAPTTM (using equine pericardium) [65, 66]. They are all approved 
by Food and Drug Administration (FDA), and are available in the market to-
date. Generally, cross-linking will be conducted on the biological tendon grafts 
regardless the sources in order to improve the strength and reduce antigenicity 
(a) 
(b) 




of the purified type I collagen scaffolds [67-69]. In lieu of the xenogeneic 
scaffold materials due to weak mechanical properties and ethical constraints, 
tendon scaffolds using synthetic materials become popular between 1980s and 
early 1990s.  
 
 
2.5.2 Synthetic Non-Resorbable Tendon Scaffold 
 
General non-resorbable materials for tendon scaffolds in 1980s are polyester 
polypropylene, polyarylamide, dacron, carbon, silicone and nylon fabric [70, 
71]. Synthetic materials offer stronger mechanical strength than biological 
materials. For example, 3M Kennedy ligament augmentation device (LAD) 
(Figure 2.3) which was  a flat polypropylene braid use for patellar tendon graft 
was reported to have a tensile strength of 1700 N while RestoreTM had only 38 
N [65, 72, 73].  
                      Figure 2.3 A Kennedy ligament augmentation device [74] 
 
Besides the superior mechanical properties, the non-resorbable synthetic 
materials had also satisfactory results in the short term. However, in the long 
run, several studies reported that the synthetic tendon scaffolds had faced severe 




synovitis and inflammation response associated with foreign body reaction [75-
77]. For example, the histological evaluation of LAD had poor tissue integration 
when formation of disordered fibrous capsule was observed [78]. Also, there 
was mild cytotoxic effect found on the animals due to additives leaching from 
polypropylene. Apart from that, knitted dacron velour prosthesis which  aimed 
to achieve anterior cruciate ligament (ACL) replacement was also unable to 
achieve neotissue formation and functional orientation where the tissue showed 
only random orientation of collagen fibers after 1 year post-operatively [79]. As 
a result, the unsatisfactory biological response has drawn the attention of many 
researchers to bioresorbable-based materials for tendon scaffold fabrication.  
 
 
2.5.3 Synthetic Bioresorbable Tendon Scaffold 
 
Bioresorbable polymers like poly (lactic acid) (PLA), poly (glycolic acid) 
(PGA), poly (lactic-co-glycolic acid) (PLGA) and poly (-caprolactone) (PCL) 
are the common materials studied for tendon tissue engineering application due 
to the good compatibility and safety. The term “bioresorbable” means that 
products from the degradation of the scaffold are safe and non-toxic to be 
excreted and metabolized within the body. Bioresorbable polymers are also very 
versatile in relation to the ease of processability and manageable 
physicochemical properties, so these polymers can be tailored into a specific 
molecular weight, chemical structure, end group chemistry, and composition 
[80]. One of the important bioresorbable polyesters is polylactones, and PCL is 
extensively utilized as a tissue engineering scaffold. PCL is a semicrsytalline, 




biocompatible polymer and its degradation by-products, developed by bulk 
erosion, are non-toxic. PCL has a low glass transition temperature (Tg) of -60 
oC, which makes PCL always in a rubbery state at room temperature. Apart from 
that, the melting point (Tm) of PCL is around 60 
oC. Low meting point allows 
PCL to be easily formed into various shapes as compared to those polymers 
with high melting temperature.  
 
In order to process the synthetic bioresorbable polymers into the desired 
scaffold for intended tissue engineering applications, it generally involves 
heating above the glass transition or melting temperature, dissolving into 
organic solvents, treating with gases or super-critical fluids under high pressure, 
using salt crystals, soluble microspheres or wax for porogen leaching. Many 
fabrication methods have been established to produce porous 3D tendon 
scaffold using bioresorbable polymers including fiber bonding, solvent casting, 
compression molding, freeze-drying, supercritical fluid processing and 
electrospinning technique [61]. Fabricating biodegradable scaffold has garnered 
the interest of researchers as the biodegradability allows the new-grown tissue 











2.6 Tendon Scaffold Fabrication Techniques 
 
As mentioned, an ideal tendon scaffold will need to fulfil the physiologic 
demands of the native tendon while promoting the host cell mediated healing 
[82]. With that, almost all fabrication techniques aim to construct a three-
dimensional tendon scaffolds that can mimic closely the native tendon inherent 
hierarchical structures and mechanical properties, while enable localized and 
sustained delivery of therapeutics, irregardless the nature or material type of the 
tendon scaffolds.  
 
In late 1970s, the self-assembled collagens were first made using wet extrusion 
system [83] and thereafter, many studies aimed to produce slim fibers that 
resembled native tendon to improve further tissue remodeling and strength 
regeneration [84]. The group produced collagen fibers by extruding the collagen 
dispersion via polyethylene tubing into an aqueous fiber formation buffer at 37 
oC, immersed for 1 h before placing into isopropyl alcohol for more than 8 h. 
Before cross-linking, the collagen fibers were immersed in distilled water for 1 
h then air-dried under tension. According to Vidal et al. [85], increased fibrillar 
alignment and packing density of collagen fibers resulted an improved tensile 
strength. Quantitative analysis showed that the self-assembled fibers using 
soluble collagen type I (SOL) had comparable ultimate tensile strength and 
moduli to rat tail tendon fibers (RTT) in dry state (Table 2.2). However, the 
diameter of SOL was not comparable to RTT sample. Furthermore, the tensile 
modulus of self-assembled collagen fibers was only half of the rat tail tendon 
fibers after re-hydration.  





Table 2.2 Mechanical properties of SOL and RTT in dry state and after rehydration 
[83] 
 
Electrospinning technique is the most studied process by the researchers 
worldwide to fabricate tendon-like structure using polymeric solution. As some 
of the ultra-lightweight yet strong structures is hard to achieve through 
conventional processing techniques, electrospinning emerges  as a potential and 
powerful technique for fabricating high strength fibers due to the versatility, 
ease of use, controllable fiber diameters and ability to align structures [86-88]. 
Electrospinning or electrostatic spinning produces ultra-fine fibers, ranging 
from few nanometer to few micrometer with the help of high electrostatic field. 
Figure 2.4 shows an electrospinning setup. It comprises of a syringe of polymer 
solution, a syringe pump that controls the flow rate of polymer solution, high 













SOL Dry 355.0±100.1 23.2±4.3 59.3±10.6 
RTT Dry 312.1±111.1 13.3±4.8 110.0±15.7 
SOL Wet 37.2±15.3 11.9±2.8 103.0±28.7 
RTT Wet 53.5±11.1 13.9±1.9 250.3±38.4 




Figure 2.4 A basic electrospinning setup consists of a high voltage supply, grounded 
collector and the polymer solution  
 
Some of the research teams reported that ultra-fine biodegradable polymer 
fibers were quite suitable to be used in tissue engineering application as these 
fibers had high surface area to volume ratios and adequate porosity, resembling 
the extracellular matrix (ECM) [89, 90]. Cao et al. [91] used PGA fibers to form 
a cell-scaffold tendon construct with isolated tenocytes from hens. The 
engineered tendon was able to achieve a viable rate of 85 to 90 % for the 
extracted tendon cells, and scanning electron microscopic (SEM) examination 
showed a well-spread and adhered tenocytes on PGA fibers. Also, the 
engineered tendon was comparable to the natural tendon, and ideal interface 
healing was seen between host and engineered tendons. The construct was 
completely degraded at 14 weeks, but there were inflammatory cells surrounded 
the un-degraded PGA fibers. Other than PGA, PLGA was also commonly 
selected for electrospinning process. Ouyang and his team [92] employed 
PLGA scaffold for the application of achilles tendon repair. From the 
histological result, PLGA scaffolds allowed cell infiltration, induced tissue 
formation, and were able to be absorbed progressively after forming the 
neotissue at host site. However, PLGA scaffolds started degrading at 8-week 




and the mechanical strength was only able to withstand for a short period after 
implantation. One of the common biodegradable polymers used to fabricate 
electrospun scaffolds is PCL where its slow degradability is apt for in vivo 
applications [93] (Table 2.3).  
 











However, pure PCL nanofibers have relatively poor cell attachment due to its 
hydrophobicity.  Hence,  surface modification is generally required to promote 
cell adhesion and migration within PCL  scaffold [95].  Dip coating method is 
one of the common methods where polymer scaffolds are soaked in collagen 
solution overnight prior to cell seeding. Venogopal et al. [96] used 
electrospinning process to produce blended nanofibers of PCL and collagen. 
The diameter of PCL nanofibers were measured between 661 and 700 nm while 
collagen nanofibers had a range of 300 - 375 nm in diameter. Smooth muscle 
cells were seeded on the nanofibrous matrices, and results showed that the PCL 
nanofibers with collagen dip coating exhibited cells migrating towards inside 
Polymer Degradation time (months) 
PGA 6-12 
PCL >24 or >36 
85/15 PLGA 5-6 
75/25 PLGA 4-5 
50/50 PLGA 1-2 




the nanofibrous matrices, and forming the tissue in contrary to the pure PCL 
nanofibers.  
 
For musculoskeletal tissue engineering such as tendons and ligaments, the 
electrospun fibers could be aligned by the rotational collectors to mimic the 
anisotropy of the nature tendon structure. Electrospinning technique appeared 
to be the method of choice as the aligned ultra-slim fibers could be fabricated 
with mechanical and structural features similar to the tissue to be replaced. 
Other than synthetic scaffolds, some researchers also applied natural polymers 
like collagen and chitosan on electrospinning technique. Oryan et al. [97]  
reported that electrospun collagen scaffolds exhibited improved neotissue 
alignment and mechanical properties over control counterparts in a rabbit 
achilles tendon model, but  further investigation was restricted due to the use of 
fluoro-alcohols, which denatured the triple helical confirmation of collagen.  
 
Even though, the electrospinning is a simple, elegant and scalable technique to 
fabricate polymeric nanofibers that exhibit morphological similarities to the 
natural ECM, the seeded cells barely infiltrate into deeper depth of a 3D 
electrospun scaffold [98-100]. These scaffolds had an average pore dimension 
of less than 10 m in diameter, which was relatively insufficient for the 
penetration of cells. Electrospun collagen scaffolds exhibited a more rapid cell 
infiltration than synthetic polymers, but had poorer mechanical properties [100-
102]. Nevertheless, it is noteworthy that aligned electrospun scaffold was 
relatively stronger than randomly aligned scaffold as they bore a resemblance 




to the mechanical anisotropy of the target tissue, and enhanced collagen 
production [103, 104]. 
 
Besides electrospinning process, some researchers also looked into the 
electrochemical fabrication process to align the collagen molecules into densely 
packed parallel bundles, and eventually formed into a 3D scaffold by stacking 
the bundles together [105]. Electrochemical fabrication works by applying a 
minute amount of electrical current to the collagen solution for the purpose of 
controlling the electrochemical environment that surrounded collagen 
molecules [106]. The electrochemically synthesized collagen fibers induced by 
the parallel linear electrodes were comparable to the native tendons in terms of 
the degree of orientation despite no crimping pattern was observed. After cross-
linking, the tensile modulus of fabricated bundles was 277 to 671 MPa, which 
was about half the strength of the natural tendon (448 to 977 MPa). According 
to Cheng et al. [105], by modifying the electrochemical environment of 
collagen solution such as voltage, current, the dimension of electrodes, varying 
the crosslinking condition or introducing other non-collagenous proteins and 
proteoglycans, the mechanical properties of the as-fabricated collagen bundles 
could be improved or optimized.  
 
At present, the trendy approach for the functional tendon tissue regeneration 
will be focused towards on producing oriented tendon-like constructs and 
cellular alignment because a tendon transmits the tensile load without structural 
failure is much dependent on the highly aligned collagen fibers parallel to the 
vector of primary load. Research [107, 108] showed that topography of the 




sample surface had impact on the cells cultured on them. Therefore, many 
researchers started to study the cell behaviors in confined spaces like ridges and 
grooves. Ashish et al. [108] fabricated a micro-patterned substrate where a 
biocompatible photoresist was spin-coated on the glass slides. A 50 m pattern 
with grooves (groove width ranging from 20 to 500 m) were formed after 
several steps of photolithography process such as soft baking, masking, 
developing, hard baking and photoresist polymerizing (Figure 2.5).  
 
 
Figure 2.5 a) A micro-patterned slides with groove width (W) 50, 100 and 250m; 
ridge width (D) 50m; and ridge height (H) 15m. b) A SEM image of a micro-
patterned substrate with 50m wide grooves [108] 
 
 
Preliminary biological results exhibited that seeded tenocytes were not able to 
adhere onto the substrates with 20 m grooves efficiently while cells that seeded 
onto the substrates with 250 m or wider appeared equiaxed morphology. From 




the quantitative analysis, tenocytes seeded in the substrate with 50 m appeared 
more elongated in contrast to the tendon cells seeded in other types of 
constrained conditions (100 , 250 m). Results exhibited that 99.5 % of 
tenocytes were aligned in the substrate with 50 m grooves after 3 days. 
Another technique for creating aligned micro-patterns is uniaxial stretching. 
Uniaxial stretching is a simple and solvent-free method to create micro-patterns 
on the surface as compared to the soft lithography [109, 110]. The working 
principle of uniaxial stretching is close to the tensile testing process with the 
addition of heating and cooling steps. Wang et al. [111] reported that after 
performing uniaxial stretching, the crystallinity of the PCL film was increased 
and this further prolonged the degradation time.  
 
Other techniques such as soft-lithography or direct laser writing were unable to 
stabilize the geometric cues in an erosive environment. Wang et al. [18] also 
done degradation study on the uniaxial-stretched PCL film. Results showed that 
the film’s surface with ridges and grooves remained the pattern even after 
experiencing a surface-controlled erosion and an approximately 45% weight 
loss. Thus, the uniaxial-stretched PCL film exhibited an improved 
morphological stability against the degradation. From the time-course study, the 
organization of the seeded cells remained elongated throughout the film for 
more than 2 weeks without significant reduction in the alignment efficiency. 
However, without appropriate porosity, there was no room for the seeded cells 
to proliferate and grow at the inner core of the scaffold. Direct laser punching 
can be used to create drilled-through holes, which improve the porosity of the 
scaffold [112, 113]. Wang et al. [112] laser punched a uniaxial-stretched PCL 




film to create microscale drilled-through holes, without any damages to the 
ridges/grooves of the uniaxial-stretched PCL film. In addition, the laser 
microperforation resulted in PCL films with hydrophilic permeability to 
transport nutritional/signaling biomolecules, and allowed for hetero-cellular 
protrusion ingrowth into the drilled-through holes for physical myoendothelial 
contacts [112]. Thus, the combination of uniaxial stretching and laser punching 
techniques is a potential combined approach in facilitating the alignment of cells 
as well as improving cell infiltration into the scaffold.   
 




2.7 Summary  
 
This chapter gives a better insight into the tendon and the state of the art 
scaffold-based tendon treatments. The structural overview begins with the 
anatomy and physiology of the tendon followed by tendon-related injury and 
healing process, which addressed the unmet clinical needs of functional tendon 
treatment and repair from the past to the present. With the understanding of the 
properties of native tendon and the failure of a rupture tendon, tendon scaffolds 
could be designed to possess adequate functional properties. Subsequently, 
tendon tissue engineering is discussed from extracting the mammalian tissues 
as the biological tendon scaffolds to the synthetic tendon scaffolds using 
bioresorbable polymers. This is followed by the introduction of various types 
of fabrication techniques such as electrospinning process, electrochemical 
fabrication, photolithography process and uniaxial stretching. From the 
literature review, it is known that at the moment, the focus is on the development 
of functional tendon tissue where mimicking the hierarchical architecture of the 
native tendon and achieving cell alignment, are crucial criteria for a successful 
tendon scaffold. Despite many rapid advances in the field of tendon tissue 
engineering, there are still unsolved problems in the development and clinical 
translation of engineered tendon tissues for realizing the tendon repair and 
regeneration.  




CHAPTER 3  
FABRICATION AND OPTIMZATION 






Tendon injury accounted for approximately half of the musculoskeletal injuries 
in the United States [114]. Tissue engineering had emerged as a promising 
method to repair or regenerate damaged tendon function by creating biological 
replacements. It was reported that natural tissue micro-architecture played a 
critical role in functional tissue behaviors in particularly tendon tissue [115]. 
Cells that interacted with the anisotropic topography were found to rearrange 
the cytoskeletons and self-organize along the aligned structures [116]. Thus, 
having a scaffold with anisotropic patterns could greatly help in stimulating cell 
alignment for tendon tissue regeneration.  
 
Uniaxial stretching was a potential technique that could create anisotropic 
patterns on polymeric film, without involving toxic solvent or intricate 
procedures. Polymeric films that experienced uniaxial stretching had uniform 
distribution of microgrooves on the whole film’s surface. Among all the 




synthetic bioresorable polymers, poly (-caprolactone) (PCL) was the most 
popular due to the low cost, flexibility, bioresorbability, and the ease of 
processability. The comparatively low melting point of PCL (Table 3.1) allowed 
the polymeric film fabrication to be more feasible. However, the uniaxial-
stretched PCL film had a low porosity, which would hinder cell infiltration 
during tissue regeneration process. Direct laser punching could be used to create 
drilled-through holes, which improved the porosity of the scaffold [112, 113]. 
Therefore, uniaxial stretching technique coupled with laser punching would be 
engaged to fabricate a PCL film into TTS in this chapter. In addition, 
optimization of the draw ratio of the TTS via uniaxial stretching would also be 
performed.   
  






Polymer Name Melting Point 
PLA 152 oC [117] 
PGA 224-230 oC [118] 
PLGA 160-141 oC [118] 
PCL 64 oC [119] 




3.2 Experimental Details 
 
3.2.1 Material  
 
PCL pellets were purchased from Sigma-Aldrich Pte Ltd with a molecular 
weight of 80,000. As the whole process was free of chemical solvents and 
additives, PCL was the only material used in the fabrication, which further 
simplified the production and eliminated unnecessary safety restriction. 
   
3.2.2 Two Roll Milling and Heat Pressing  
 
The fabrication of 3D tubular tendon scaffold involved several fabrication 
processes. PCL pellets (raw PCL) were transformed into PCL films using two 
roll milling and heat-pressed machine (Figures 3.1 and 3.2). PCL pellets were 
first poured into the center of two moving steel rolls, with a pressing pressure 
of 300 MPa at a constant slow speed. The two rolls' temperature was set at 80 
oC where open atmosphere and fast dissipation of heat were considered. 
Thereafter, the solid mass was sandwiched by two flat metal plates in the 
pressing machine at 80 oC, 300 MPa for an hour and then air-cooled to 24 oC 
for 24 h while the pressing pressure was still maintained at 300 MPa. After heat-
pressing process, the PCL film with flat surface was named as HP film, and the 
average thickness of the film was approximately 0.15 mm. As-fabricated HP 
films were cut into 70 x 100 mm2 sheet where the regions with uneven thickness 
were avoided. 
 











Figure 3.1 A two roll milling machine was used to blend the PCL pellets, a) the 
schematic diagram, b) the photograph of the machine. 
 





                      
 
 
Figure 3.2 A heat pressed machine transformed the solid mass into PCL film, a) the 














3.2.3 Direct Laser Punching 
 
The HP film was perforated at its center region with an area of 20 x 40 mm2 and 
an array of 0.750 x 0.750 m2. The direct laser punching (Figure 3.3) was 
carried out at 24 oC. To perforate the PCL films, a titanium-sapphire 
femtosecond laser with a wavelength of 800 nm, pulse duration of 110 fs and 
repetition rate of 1 kHz (Spectra-Physics, USA) was used. Laser beam scanning 
was controlled using a U500 MMI software (Aerotech, UK). The HP film after 
direct femtosecond laser microperforation was named as perforated HP (PHP) 
film.      









                 
 
Figure 3.3 Direct laser punching machine was engaged to create consistent holes on 










3.2.4 Uniaxial Stretching Technique 
 
In order to generate a 3D tendon scaffold, the PHP film was rolled into a spiral 
tube with two metal inserts so that the tubular shape of construct was still 
preserved after uniaxial stretching process (Fig 3.4a). The two ends of rolled 
PHP were clamped in the chamber of the machine parallel to the direction of 
applied force. The chamber temperature was increased to 56 oC, which was near 
to the melting point of PCL so that softening the rolled PCL was attained. To 
optimize the micro-patterns namely suitable grooves and ridges, uniaxial 
stretching (Figure 3.4b) was done at several different draw ratios (1, 2, 3, 4, and 
5) were explored (Table 3.2 ). After thermal uniaxial stretching, the sample was 
left inside the chamber till it cooled down to 24 oC. The uniaxial-stretched 


















Figure 3.4 A uniaxial stretching setup with heating function to temper the sample, a) 
the schematic illustration of TTS fabrication from rolling to uniaxial stretching, b) the 
photograph of uniaxial stretching machine.  
a 
b 











                           
 
 
3.2.5 Field Emission Scanning Electron Microscopy 
 
The morphology of HP film, PHP film, TTS with different draw ratios, was 
examined using a field emission scanning electron microscope (FESEM, 
Hitachi S-4300). FESEM is a high resolution SEM equipped with a field 
emission emitter. It provides clearer and less electrostatically distorted image 
with spatial resolution down to 1.5 nm. The accelerating voltage and beam 
current in this study were set at 15 kV and 11 A, respectively. The working 
distance range was between 13 to 16 mm. Besides examining the topographical 
changes, measurements such as ridge length, groove width and pore size were 
acquired based on the observation. As FESEM micrographs were formed by 
collecting informative electron signals, prior to the FESEM characterization, the 
surface of polymeric samples were required to be coated with metal. Gold 













coating could improve the conductivity of samples before placing into the 
FESEM chamber. The samples were fixed on an aluminium sample holder with 
carbon tapes, then gold coating was performed in a manual sputter coater 
(B7340, Agar Scientific) at 10 mA for 40 s. The sputtering was operated under 
low vacuum level, around 10 Pa. After coating, the surfaces of the polymeric 
samples were appeared grey. 
 




3.2.6 Data Analysis 
 
Each measurement was taken from the SEM images via Adobe Photoshop 
measurement tool. Ridges were defined as the raised part of the film’s surface 
while the grooves were defined as the inter-ridge space on the film’s surface 
(Figure 3.5). The ridge length was measured from one tail to another tail within 
a ridge while the groove or inter-ridge distance was the lateral width between 
two adjacent ridges. Apart from that, the diameter of ridges, pore size were also 
measured and calculated. After uniaxial stretching, the pores were no longer in 






   ) was applied. All 
the data was plotted into graphs using OriginPro. 
 
     
Figure 3.5 SEM images used to measure the ridge length, inter-ridge distance and pore 
size. Ridge length is measured from one tail to another tail. Inter-ridge distance is 
defined as average distance between two ridges. Pore size is calculated by using the 




X Ridge length 
Inter-ridge distance 




3.3 Results and Discussion 
 
3.3.1 Construction of TTS 
 
TTS was constructed by turning the PCL pellets into PCL solid mass (Figure 
3.6a) using two roll milling. It was to melt the PCL pellets and blend the molten 
PCL pellets homogenously. Subsequently, the solid mass (Figure 3.6a) 
underwent heat pressing to form HP film (Figure 3.6b), followed by laser 
punching. The laser process was relatively fast which could be potential for 
mass production. Direct laser punching was used to create drilled-through holes 
to increase the porosity of PHP film (Figure 3.6c) via photochemical and 
photothermal effect. Carbon dioxide continuous wave laser could modify the 
film’s surface precisely by perforating a neat drilled-through holes, without 
using toxic solvents or deploying extreme low temperature. As a result, the 
modified surface of polymeric film was free from contaminant and the bulk 
properties of the film remained unchanged. Wang and his co-worker [112] 
reported that with direct femtosecond laser microperforation, the PCL films 
demonstrated increased porosity, which promoted transmural biomolecule 
diffusion and physical cell−cell contacts, leading to MSCs with up-regulated 











          Figure 3.6 Photograph of (a) uniform solid mass, (b) HP film, and (c) PHP film   
 
The PHP film was rolled horizontally to form into tube (Figure 3.7a) in order to 
mimic the 3D architecture of the tendon. Finally, the rolled PHP was uniaxially 
stretched to generate anisotropic micro-patterns on the surface of TTS (Figure 
3.7b). Anisotropic geometries are critical for eliciting cell alignment to dictate 
tissue microarchitectures and biological functions. Current fabrication 










techniques are complex and utilize toxic solvents, hampering their applications 
for translational research. The anisotropic geometries will be further 
investigated in Section 3.3.2.   
 
  
Figure 3.7 Photograph of (a) rolled PHP, and (b) TTS 
 
3.3.2 Optimization of Draw-Ratio of Uniaxial Stretching of 
TTS 
 
Different draw ratios of uniaxial stretching were applied on the individual PHP 
films to determine a suitable draw ratio that possess proper anisotropic 
geometries for cell alignment purpose. The comparison of surface morphology, 
ridge length, groove length and pore size would be discussed.  
 
The uniaxial-stretched PHP samples (UX-PHP) (Figure 3.8) that experienced 
tensile tension had induced ridges and grooves on the flat surface as compared 
to PHP film. Right after the laser punching process, regular round pores were 
arrayed on the PCL film with obvious uneven ruffles on the edges (Figure 3.9). 
The ruffles would be termed as “feet” hereinafter. The feet were induced by the 
instant melting and cooling during laser treatment. From the observation on UX-








pores that were aligned transversely to the direction of uniaxial stretching 
(hereinafter it would be defined as Y-pitch). The ridges appeared short and slim. 
The pores were elongated and the feet areas were also expanded due to the effect 
of uniaxial stretching. Ridges at the X-pitch, the non-punched area between 
pores that lied longitudinally on the direction of uniaxial stretching were not yet 
formed on UX-PHP at DR2, but emerged on the UX-PHP at DR3. There were 
almost no grooves as the ridges at X-pitch were extremely compact. From the 
observation, both UX-PHP samples at DR4 and DR5 exhibited uniform 
anisotropic geometries on the surface. Also, the elongated pores all appeared 
taper shapes at both ends. To examine the cross section of TTS, the sample was 
immersed into liquid nitrogen for 5 s to make the tubular scaffold brittle (below 
the glass transition temperature) before cutting. From the SEM graph (Figure 
3.10), the cross section of TTS appeared helix shape and the spaces in between 
two layers was approximately 330m, which could suitably allow the cultured 













Inter-Pore Width at X 
Inter-Pore Width at Y 
X-pitch Y-pitch 
























Figure 3.10 SEM images of TTS at DR4 (a) top view (25 X magnification) (b) cross 
sectional view (30 X magnification) 
 
 
Figure 3.11 illustrates the impact of draw ratios on the surface of UX-PHP at X 
pitch and Y-pitch. At the constant temperature (56 oC), the ridges was first 
formed at Y-pitch then appeared at X-pitch. The ridges at Y-pitch were 
apparently slim as compared to that of the X-pitch. Apart from that, the laser 
punched pores were enlarged at DR2 as the pulling force was experienced at 
both X and Y directions. The pores were shrunk into spindle shapes on the 
samples stretched at DR3, DR4 and DR5 as the radius along Y-axis was reduced 
obviously. Quantitative analysis showed that the ridge lengths at both X-pitch 
and Y-pitch were increased while the inter-ridge distances were decreased 
gradually (Table 3.3). There was a slight increase on the inter-pore width at X-
pitch, but a reduction at Y-pitch. The radius of pores along Y-axis increased 
from DR1 to DR2, but was reduced drastically at DR3 onwards. The radius of 
pores along X-axis was increased gradually. From the data, UX-PHP with a 
draw ratio of 4 relatively outperformed the other samples in term of the pore 
size, ridge length and other parameters. As a result, TTS samples with a draw 
ratio of 4 were selected to conduct gel permeation chromatography (GPC), 
   
(a) (b) 




differential scanning calorimetry (DSC) and mechanical properties which 
would be elaborated Chapter 4. 
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Figure 3.11 FESEM images showed the effect of laser punching and uniaxial stretching 
on TTS at DR1, DR2, DR3, DR4, and DR5 (500 X, 1000 X magnification) 
 
 










1 2 3 4 5 
Ridge 
Length 
X-pitch N/A N/A 35.96 57.88 79.36 
Y-pitch N/A 28.88 38.31 44.93 68.10 
Inter-Ridge 
Distance 
X-pitch N/A N/A 5.16 4.91 4.75 
Y-pitch N/A 8.32 7.23 6.64 5.77 
Inter-Pore 
Width 
X-pitch 560.43 555.22 1144.79 1382.00 1766.04 




136.52 852.36 1049.70 1262.27 1260.24 
Radius 
along Y 
130.31 209.74 85.04 66.93 56.69 
Area 13995.49 140466.19 70146.05 66638.99 56257.08 
 
 




3.4 Summary  
 
The fabrication and optimization of TTS were reported in this chapter. PCL was 
selected due to its low cost, flexibility, bioresorbability, and the ease of 
processability. Producing a flat and thin sheet of PCL film involved two roll 
milling and heat pressing process. Direct laser punching was employed to create 
porosity for the purpose of promoting cell penetration and cell growth. Uniaxial 
stretching was done on the rolled film to induce anisotropic geometries on the 
surface. The effect of uniaxial stretching with 5 different draw ratios was 
presented. SEM images revealed that TTS samples with draw ratio of 4 and 5 
exhibited a complete stretched pattern, with the presence of ridges and grooves. 
However, TTS with a draw ratio of 4 was proposed in the light of the distinct 
micro patterns and optimal parameters that could be ideal for the cell alignment 
[111]. 




CHAPTER 4  
PHYSICAL, MECHANICAL AND 
BIOLOGICAL PROPERTIES OF 




4.1 Introduction  
 
Tissue engineering scaffold functions as a guide to assist cell growth and 
differentiation, delivers therapeutic agents, and provides adequate mechanical 
support [61]. Scaffolds with a 3D architecture has been reported to help in the 
formation of a larger number of cell to cell contacts and reduce the cell adhesion 
to the substrate [56]. Another important factor that has direct impact to the cell 
to cell interactions and mass transport processes is the morphological 
characteristics of the scaffold such as porosity, pore size and interconnectivity. 
High porosity, adequate pore size and interconnected pore network are essential 
for the cell infiltration and transport of nutrients and metabolites to enable cell 
growth and survival [57, 58].   
 




Tendon scaffolds that based on bioresorbable synthetic polymers such as PCL 
are safely metabolized and excreted, no alien substances will be remained in the 
body. PCL is advantageous over other materials due to its versatility and 
superior rheological properties to ease the fabrication process [120].  
Manufacturing processes may affect the characteristics of the polymer materials, 
and in turn will have an impact on the properties of the polymer materials. 
Parameters like crystallinity, molecular weight and polydispersity index (PDI) 
are closely related to the scaffold degradation. Therefore, this chapter evaluates 
the effects of processing on the characteristics of the polymer, and examines the 
mechanical properties of the proposed scaffold as well as its biocompatibility, 
in particularly the capability of the proposed scaffold to realize cell alignment 
will also be evaluated.  
 
 
4.2 Materials and Methods 
 
4.2.1 Material and Fabrication of TTS 
 
PCL pellets were purchased from Sigma-Aldrich Pte Ltd with a molecular 
weight of 80,000. Fabrication of TTS was performed using the combination of 
two roll milling, heat pressing, laser punching and uniaxial stretching 
techniques. Detailed description of the fabrication process was reported in 
Sections 3.2.2 – 3.2.4. 
 




4.2.2 Characterization of TTS 
 
4.2.2.1 Differential Scanning Calorimetry 
 
The crystallinity and melting point of samples were analysed by the differential 
scanning calorimetry (DSC, Shimadzu Japan). DSC is a fundamental tool in 
thermal analysis used to study the thermal transition of polymers. It determines 
the melting point, enthalpy, and heat capacity by monitoring the heat flow of 
sample pan with respect to an empty reference pan. In this study, a heating rate 
of 5 oC/min was introduced into the DSC chamber that filled with argon gas. 
The temperature was set to increase from 24 oC to 90 oC, and heating was halted 
for 60 min before the next repeat. A total of two heating runs were done in DSC. 
The samples had to be handled with care to prevent any contamination from any 
environmental impurities, which might or might not affect the DSC results. The 
samples were categorized into 4 groups: raw PCL, HP film, PHP film and TTS. 
3 samples were prepared for each type of group to obtain the average value. The 
degree of crystallinity was expressed as:  





 𝑥 100% 
where, 𝛥𝐻𝑓(𝑇𝑚) was the enthalpy of fusion measured from the area under the 
melting endotherm and 𝛥𝐻𝑓
𝑜(𝑇𝑚
𝑜 ) referred to the enthalpy of fusion of PCL at 
100% crystallinity. A literature value of 139.5J/g was used for 𝛥𝐻𝑓
𝑜(𝑇𝑚
𝑜 ). [121] 
 
 




4.2.2.2 Gel Permeation Chromatography 
 
The molecular weight distribution of the samples was determined by gel 
permeation chromatography (GPC, Applied Chromatography Systems, Ltd). 
GPC is a versatile analytical technique for understanding the polymer 
performance. The mechanism works by separating effective size of the polymer 
molecules in solution rather than the chemical interaction between particles and 
the stationary phase. In order to run the GPC analysis, the samples were 
dissolved in an appropriate solvent. In this experiment, the sample preparation 
started by dissolving the samples in tetrahydrofuran (THF) (0.2%w/v) 
correspondingly. Then, each of the solution were filtered and injected into the 
2 mL vials before placed into the GPC system. Besides the dissolved samples, 
4 vials of polystyrene standards (PS) were also prepared to calibrate the system. 
The selected molecular weights of PS were ranged from 28700 to 473600 g 
mol−1 as narrowed a molecular weight distribution was needed for a relative 
calibration. Distilled THF with flow rate of 1 ml/min was used as the eluent. 
The column (Phenomenex) that was composed of phenogel, with pore sizes 0.05 
m, 1 m and 500 m used to separate molecules in THF that was passing 
through them. The samples were categorized into 4 groups: raw PCL, HP film, 
PHP film and TTS. 3 samples were prepared for each type of group to obtain 
the average value. 
 




4.2.2.3 Tensile Testing     
      
The samples were classified into 4 groups: PHP film, UX-PHP film, rolled PHP 
and TTS. PHP film and UX-PHP film were monolayers while rolled PHP and 
TTS constituted a total of 4 layers. Individual thickness was measured using a 
Digimatic Micrometer (APB-1D, Mitutoyo Corporation, Japan) at 3 positions, 
i.e. head, tail, and centre. Experiment was conducted using tensile test machine 
(Model 3345, Instron, USA) with a load cell of  
100 N and a pulling rate of 10 mm/min. By performing the tensile testing, 
mechanical properties such as Young’s Modulus, tensile strength, and yield 
stress and yield strain were acquired. In this experiment, an offset strain of 0.05 % 
was used to determine the yield stress and yield strain of UX-PHP film and TTS. 
As for PHP film and rolled PHP, yield point phenomenon was expected and as 
such, the yield stress was taken as the average stress that was associated with 
the lower yield point after linear-elastic region and the corresponding strain at 
lower yield point was defined as the yield strain. 3 samples were prepared for 
each type of group to obtain the average values.      
  




4.2.3 Biocompatibility Assessment of TTS 
 
Human tenocytes (0.5 x 106) were cultured in HTGM-500 using a collagen-1-
coated ﬂask (75 mL, Nunc, USA) in a humidiﬁed incubator at 37 oC with 5 % 
CO2. Cells were harvested at 80 % conﬂuence. To facilitate cell adhesion, all 
scaffolds were treated with alkaline hydrolysis (NaOH solution, 1 M, 12 h) for 
improved surface wettability [111].  For all experiments, cells used were within 
passage 6, and each scaffold was seeded with 2 x 104 cells. 
 
4.2.3.1 Cell Viability 
 
To examine the viability of the tendon cells cultured in TTS, fluorescein 
diacetate (FDA) and propidium iodide (PI) assays were used to perform the 
live/dead staining at day 12.  Live cells were stained green by the FDA whilst 
dead cells were stained red by the PI.  The supernatant was first discarded, and 
the cells were washed with Dulbeco’s phosphate buffered saline (DPBS) twice. 
A stock solution of FDA was prepared by dissolving 5 mg/ml in acetone. The 
FDA working solution was freshly prepared by adding 0.04 ml of stock to 10 
ml of DPBS. 1 mg of PI was dissolved in 50 ml of DPBS. 0.1 ml (2 µg) of FDA 
working solution was added directly to the resuspended cells and stained for 10 
min. FDA working solution was removed and 0.03 ml (0.6 µg) of PI was added 
directly to the resuspended cells, and stained for 5 min. Then, PI was removed 
and washed twice with DPBS. FDA-PI stained cells were examined with a 
standard fluorescence microscope equipped with a high pressure mercury arc 
lamp. Green fluorescence was viewed under a FITC filter (excitation 465-495 




nm, emission 515-555 nm), and red fluorescence under a TRITC filter 
(excitation 532 - 554 nm, emission 570 – 613 nm). 
 
4.2.3.2 Cell Growth 
 
Cell growth was investigated using the alamarBlueTM assay. Cell-seeded 
scaffolds after 1, 3, 6 and 12 days of culture were incubated with 10 % 
alamarBlueTM for 4 h. Fluorescence absorbance was detected at a wavelength 
of 570 nm and a reference wavelength of 600 nm. Three samples were used for 
each testing group, and detection was performed in triplicates of each sample 
for data analysis. 
 
4.2.3.3 Cell Alignment 
 
The capability of TTS to guide tenocytes alignment was evaluated by 
cytoskeletal F-actin staining. Cell-seeded scaffolds were ﬁxed with 
paraformaldehyde solution (3.7 % in PBS solution) for 15 min, followed by 
permeabilization with Triton-X 100 (0.1 % in PBS solution) for 10 min. After 
being blocked with BSA solution (2 % in PBS solution) for 30 min, cell-seeded 
scaffolds were sequentially incubated with TRITC-conjugated phalloidin 
(1:200 in PBS solution, 1 h) and DAPI solution (1:1000, 5 min) for F-actin 
cytoskeleton and cell nucleus visualization under CLSM, respectively. Three 
replicates were analyzed in each group. A built-in function termed ImageJ 
software (NIH, USA) was employed to measure the nucleus orientation and 
elongation using CLSM images. Cell nucleus angle was deﬁned as the 




orientation of the major elliptic axis of individual nucleus. Preferential 
orientation was defined as the angle of the longitudinal ﬁbers in each image, 
which was set to be 0 o. Cell nuclei that fell within ±15 o were considered to be 
aligned, and the efﬁciency of alignment was presented as a percentage of 
aligned nuclei number. Nucleus elongation was determined by the circularity of 
each ellipse using the following equation: 
Circularity = 4 * π * area * perimeter-2                                                        
where circularity of 1 represented a circle. 
 
4.2.4 Statistical Analysis  
 
Data analysis was performed on Prism 5 Software. Results were reported as the 
mean ± SD. A value of p < 0.05 was considered to be statistically significant. 




4.3 Results and Discussion  
 
4.3.1 Physical Properties 
 
4.3.1.1 Melting Point and Crystallinity  
 
Figure 4.1 shows the DSC curves of raw PCL, HP, PHP and TTS samples. All 
the DSC curves showed endothermic peaks, indicating that the samples 
experienced melting process, transforming from ordered structures to 
disordered forms. From the observation, the curves appeared smooth bell-
shaped, suggesting that the samples were all fine crystalline. From the graph, 
the endothermic peak obtained from TTS sample was the broadest, representing 
the highest enthalpy of fusion amongst others.  There were small peaks existed 
before the melting peaks, which might be contributed by some metastable 
crystals or impurities in the samples.  
 
 




               Figure 4.1 DSC curves of raw material, HP film, PHP film and TTS.  
 
Table 4.1 shows the melting point and crystallinity percentage of the raw and 
processed samples. The data of the first heating run revealed the thermal history 
of the samples as raw PCL, and the samples have undergone previous 
processing and thermal processing such as heat pressing, thermal uniaxial 
stretching. In order to remove the thermal history of the samples and reveal the 
intrinsic properties of the polymers, two heating runs have been performed. 
From the table, melting point and crystallinity for the second heating run were 
relatively lower than that of the first heating run. HP sample had the highest 
melting point among other types of samples, while TTS sample had the highest 
percentage of crystallinity in both heating runs. The crystallinity of TTS sample 
was increased by the light of the oriented molecular chains and the 
recrystallization of PCL. As known, aliphatic esters were susceptible to 
hydrolytic degradation whereas the ester bond cleavage was much faster in 
amorphous phase than in crystalline phase [122]. Higher degree of crystallinity 




represented a reduction in amorphous phase, suggesting that a slower 
degradation rate would be expected on the TTS sample [123]. 
 
Table 4.1 Melting point and crystallinity of raw material, HP film, PHP film and TTS 
Sample 











38.05 57.86 27.35 
HP 63.71 33.09 59.78 28.71 
PHP 62.10 37.22 57.56 29.04 
TTS 62.79 42.29 57.51 34.61 
 
 
4.3.1.2 Molecular Weight Distribution  
 
Figure 4.2 shows the molecular weight distribution (MWD) of raw and 
processed samples. There was an obvious shift between raw PCL and HP 
samples, while the MWD curves of PHP and TTS were practically similar as 
the MWD curve of HP. 
                 
             Figure 4.2 GPC curves of raw material, HP film, PHP film and TTS 




From the graph, processed PCL samples had relatively higher molecular weight 
as the curves were shifted from right to left. Compared to the peak of raw PCL 
curve, the peaks of the other unimodal curves were lifted. The peak of TTS 
curve was slightly lower with respect to the peaks of HP and PHP samples. 
Table 4.2 shows that the molecular weight characterization obtained by GPC. 
The molecular weight of HP, PHP and TTS had decreased by approximately 5 % 
as compared to the raw PCL, but the variation was considered insignificant. The 
slight drop of molecular weight might be contributed by the structure change 
from bulk type to thin film type. From the observation, the dispersity of all 
samples was similar, and moderate polydisperse which lied between 1.58-1.59. 
Since the PDI of TTS sample was similar to the raw PCL, this suggested that 
the degradation behaviour remained unchanged.          
 
 
Table 4.2 Molecular weights ratio of HP film, PHP film and TTS 
a Mw: weight average molecular weight 
b Mn: number average molecular weight 
c Mz: higher average molecular weight 






Sample Mwa Mnb Mzc PDId 
Raw 150707 95223 215585 1.58 
HP 144710 91176 197767 1.59 
PHP 144573 91327 197382 1.58 
TTS 143445 90820 196003 1.58 




4.3.2 Mechanical Properties 
 
The stress-strain curves of rolled PHP sample and TTS sample are presented in 
Figure 4.3. The stress-strain curve of the rolled PHP sample appeared near zig-
zag pattern, while the TTS sample exhibited typical engineering stress-strain 
curve. The bizarre shaped curve of rolled PHP sample was because the stress 
was relieved and resulted a minute drop when the rows of drilled-through holes 
experienced localized plastic deformation. The yield stress of rolled PHP 
samples was calculated with the consideration of yield point phenomenon, 
taking the average of the lower yield points. There was a toe region observed in 
the TTS sample, which was similar to that of the nature human tendon.  
 
                        Figure 4.3 Stress-strain curves of rolled PHP and TTS 
 
 




After experiencing uniaxial stretching process, the mechanical strength of TTS 
sample was almost doubled as compared to the rolled PHP sample due to the 
strain hardening effect (Table 4.3). Uniaxial stretching process helped in 
strengthening TTS by orienting the molecular chains to be more closely packed 
and ordered lamella. Therefore, the crystallinity and secondary bonding were 
enhanced correspondingly so as the mechanical strength. On the whole, the 
tensile stress of TTS sample was comparable to the human tendon, but the 
Young’s Modulus was remained a challenge.               
 













Rolled PHP 90.1 8.5 6.9 9% 
TTS 146.0 33.7 17.8 14% 
Human 
Tendon[124] 
1200 25 N.A. N.A. 
 
 




4.3.3 Biological Properties  
 
4.3.3.1 Cell Compatibility of TTS 
 
AlamarBlueTM assay of human tenocytes (Figure 4.4a) showed that TTS sample 
supported cell growth, with an enhancement of cell metabolism from day 1 to 
12 despite that the tissue culture plate (TCP) had the highest cell counts 
throughout the study. The proliferation of tenocytes on TTS sample achieved a 
4-fold higher cell count at day 12 as compared to day 6. Quantitative results 
demonstrated that cells seeded on TTS sample had higher proliferation than that 
on the HP film since day 1. Figure 4.4b depicts the FDA/PI staining at day 13. 
From the observation, the tenocytes remained 100% viable throughout the 
period of cell culturing, showing that the processes of direct laser punching and 
uniaxial stretching did not induce any noticeable cytotoxicity effect. On the 
whole, cell proliferation results testified that the TTS sample was biocompatible 












Figure 4.4 (a) Cellular metabolism of human tenocytes by alamarBlueTM assay. * 
represents the significant difference compared to the TCP (n=6; ***, p<0.001; **, 
p<0.01; *, p<0.05; NS, p>0.05) (b) Cytotoxicity by FDA/PI staining on TTS sample at 
day 13 (FDA: Green, live cells, PI: Red, dead cells; Scale bar = 200m; white double-
headed arrow: direction of uniaxial stretching) 
 
 
 4.3.3.2 Cell Alignment on TTS 
 
Performance of the micro-patterns on TTS sample to confine the tenocytes was 
evaluated. The tenocytes stained with F-actin (red colour) demonstrated that a 
more fusiform (long and narrow) shape of tenocytes as seen on TTS sample at 
day 1 (Figure 4.5). The anisotropic growth of tenocytes became more obvious 
over time. In contrast, tenocytes on HP film did not exhibit similar trend, but 
remained an isotropic cell growth throughout the whole course of study. 
Quantitative analysis on the nucleus angle frequency demonstrated that the 
distribution of TTS exhibited a dominating peak within the range of -30o to 30o, 
with a preferential orientation, which was similar to the anisotropic pattern of 
TTS sample. 
a 





Figure 4.5 Confocal laser scanning microscopy (CLSM) images of cytoskeletal 
staining of human tenocytes on both HP film and TTS sample. (Phalloidin: red, F-
actin; DAPI: blue, DNA; Scale bar = 200m; white double-headed arrow: direction 
of uniaxial stretching) 
 
As opposed to TTS sample, the frequency of nucleus angle acquired from HP 
film appeared multiple peaks from day 1 to 12, indicating that the cells mostly 
grew randomly in HP film. The graph depicted in Figure 4.6 had further 




supported the ability of TTS sample in cell alignment. Quantitative analysis of 
nucleus alignment efficiency demonstrated that there was more than 40 % of 
nucleus number fell within the angle range of ±15 o between day 1 and  3 (Figure 
4.7a). The nucleus alignment efficiency went up to 50 % between day 6 and 12, 




Figure 4.6 Quantitative analysis of nucleus angle frequency on both HP film and TTS 
sample at day 1 (D1), day 3 (D3), day 6 (D6) and day 12 (D12). Isotropic control is a 
perfect round cell sample, showing no preferential orientation.  
 
There was no significant difference on the cell nucleus shape index (CNSI) from 
day 1 to  2 (Figure 4.7b), but TTS sample had an obvious reduction in the ratio 
of circularity at day 6, and remained stable until day 12, indicating that the 
nucleus was elongated and followed the anisotropic geometries of TTS samples. 
Results showed that TTS samples allowed the tenocytes to orientate themselves 
in the micro-patterns and induce cell alignment along the longitudinal direction 
of TTS samples. The cells tended to conform themselves to the as-fabricated 
pattern and change their shapes according to the confined spaces, as a result, the 
cells were elongated and orientated  in the direction of micro-grooves.   





Figure 4.7(a) Quantitative analysis of nucleus alignment efficiency determined from 
cell nucleus number within ±15o (n=6; ***, p<0.001) (b) Statistical data comparison 
on the cell nucleus shapes between HP film and TTS sample (n=6; ***, p<0.001; NS, 
p>0.05)    




4.4 Summary  
 
In this study, TTS was fabricated for tendon tissue engineering application. The 
fabrication process involved two roll milling, heating pressing, laser punching 
and uniaxial stretching techniques. Results showed that the crystallinity of TTS 
was increased due to the recrystallization of PCL. Correspondingly, a slower 
degradation rate would be expected since the degradation behaviour remained 
unchanged as the PDI of TTS was equivalent to that of the raw PCL. TTS 
sample was mechanically much stronger than the rolled PHP sample due to the 
strain hardening effect during uniaxial stretching process. Biological studies 
demonstrated that TTS sample was biocompatible and the tenocytes became 
elongated and orientated in the direction of the uniaxial stretching, confirming 
that the anisotropic geometries of TTS sample induced cell alignment, which 
could promote the functional tendon tissue repair and regeneration.








The fabrication of TTS for tendon tissue engineering application was presented. 
PCL was chosen as the sole material due to its low cost, flexibility, 
bioresorbability, and the ease of processability. Two roll milling and heat 
pressing process were engaged to fabricate a thin PCL film, while the direct 
laser punching was employed to create porosity for the purpose of promoting 
cell penetration and cell growth. The whole scaffold of micro-patterns was 
created by evaluating different draw ratios via a uniaxial stretching process. The 
effect of uniaxial stretching at 5 different draw ratios was presented. A draw 
ratio of 4 was proposed in the light of the distinct micro patterns and suitable 
morphological parameters for cell alignment. 
 
The characterization and biological evaluation of the scaffold were also reported 
in this study. DSC results revealed that the crystallinity of TTS was increased 
because of the recrystallization of PCL, but the PDI of TTS was equivalent to 
that of the raw PCL. As a result, slower degradation would be expected while 
retaining the hydrolytic degradation. The tensile strength and Young’s Modulus 
of TTS were significantly increased by the virtue of strain hardening effect 
during the uniaxial stretching process, and it enabled TTS to have mechanical 
properties similar to that of the native human tendon. 
 





Biological studies demonstrated that TTS exhibited excellent biocompatibility 
and achieved satisfactory proliferation rate, and 100% cell viability during the 
in-vitro culture of tenocytes. The unique micro-patterns of TTS had successfully 
induced the tenocytes to orientate themselves in the direction of the uniaxial 
stretching. The distinct cell alignment and elongated tendon cell shape have 
shown evidence on the ability of TTS to bio-mimic the native human tendon 
and facilitate in restoring tendon function. 
 
In conclusion, TTS fabricated using combined fabrication techniques of two-
roll milling, hot pressing, uniaxial stretching and direct laser punching 
techniques was demonstrated to be a potential approach to elicit cell alignment, 
which  are essential in determining the architecture of tenocytes and tendon 
tissues, providing physical and mechanical support, depositing highly-
organized matrix which will eventually promote tendon tissue regeneration. 







6.1 Degradation Study of TTS 
 
PCL is the sole material of TTS, and it is known as a semicrsytalline aliphatic 
ester that is biocompatible and biodegradable. PCL has relatively low 
degradation rate, which is suitable for the patients that require longer duration 
of healing and recovery. After the uniaxial stretching process, TTS is 
susceptible to the recrystallization of PCL, the degradation rate may be varied 
correspondingly. Therefore, a degradation study is required to investigate the 
stability of the micro-pattern of TTS in environments like biological enzymes 
and erosive fluids. Accelerated hydrolysis with a highly basic medium can be 
used to evaluate the degradation behavior of TTS within a shorter period of time 
followed by FESEM examination and mechanical testing. 
 
6.2 Dynamic Bioreactor System 
 
 One of the primary characteristics of a tendon scaffold is to possess adequate 
mechanical integrity as it operates under various types of load environment from 
walking to changes in body size and shape. A dynamic bioreactor system can 
provide necessary stimulus to the scaffold and enable a systemic study by 
simulating the actual physiological environment of tendon. To realize the 




tendon bioreactor system, actuators and culture chamber are required to support 
the mechanical stimulation in a controlled culture environment.  
 
6.3 Tenogenic Differentiation Study of TTS 
 
Mesenchymal stem cells (MSCs) have been identified as a promising cell source 
for regenerative therapies and tissue engineering due to its pluripotency. With 
the addition of growth factors and suitable cell culture conditions, MSCs are 
able to differentiate into several tissues. Combining both MSCs and tendon 
scaffold will be one of the attractive potential approaches in healing injured 
tendon tissues. Cell shapes are proven to be an influential factor in the 
differentiation of MSCS [125]. TTS is built to provide topographical features 
that expects to direct MSCs to the desired cell shape and promote tenogenesis. 
In this study, differentiation of MSCs on TTS towards tenocytes is proposed in 
order to recognize the micro-patterns on TTS as an important factor in 
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